Abstract: A spectroscopic protocol is proposed to implement confocal microfluorescence imaging to the analysis of microinhomogeneity in the nanocrystallization of the core of fibers belonging to a new kind of broadband fiber amplifier based on glass with embedded nanocrystals. Nanocrystallization, crucial for achieving an adequate light emission efficiency of transition metal ions in these materials, has to be as homogeneous as possible in the fiber to assure optical amplification. This requirement calls for a sensitive method for monitoring nanostructuring in oxide glasses. Here we show that mapping microfluorescence excited at 633 nm by a He-Ne laser may give a useful tool in this regard, thanks to quasi-resonant excitation of coordination defects typical of germanosilicate materials, such as nonbridging oxygens and charged Ge-O-Ge sites, whose fluorescence are shown to undergo spectral modifications when nanocrystals form into the glass. The method has been positively checked on prototypes of optical fibers-preventively characterized by means of scanning electron microscopy and energy dispersive spectroscopy-fabricated from preforms of Ni-doped Li 2 O-Na 2 OSb 2 O 3 -Ga 2 O 3 -GeO 2 -SiO 2 glass in silica cladding and subjected to heat treatment to activate gallium oxide nanocrystal growth. The method indeed enables not only the mapping of the crystallization degree but also the identification of drawing-induced defects in the fiber cladding.
INTRODUCTION
Transition-metal-doped nanostructured glasses, particularly silicates with Ni 2ϩ -and Cr 4ϩ -doped oxide nanocrystals, are currently investigated for the design of new broadband light-emitting devices, including fiber amplifiers, for the infrared spectral region~e.g., Zhou et al., 2007 Zhou et al., , 2009 Xu et al., 2008; Zhuang et al., 2009 !. However, the design of a process for the fabrication of optical systems based on this class of materials has to take into account the critical treatment of glass nanostructuring. This treatment is aimed to induce the growth of nanocrystals suitable to embed active ions in octahedral coordination, so as to favor the efficient light emission of transition metal ions that usually do not give adequate infrared luminescence in glass matrices, particularly Ni 2ϩ ions. Importantly, as regard the application to optical fibers, the thermal growth of doped nanocrystals inside the fiber core has to be homogeneous in order to favor light amplification. This target calls for a practical method for monitoring the nanostructuring homogeneity on the scale of the diameter of a typical fiber core. Luminescence imaging, thanks to its sensitivity, possesses the right features to be used for this purpose. Indeed, it has been demonstrated to be extremely useful for the study of micrometer-sized optical devices, particularly for channel waveguides in different glass~Dierolf & Sandmann, 2004; Svalgaard et al., 2005; Jaque et al., 2007; Adikan et al., 2008!. However, no data are available at the moment about a definite protocol for monitoring the nanocrystallization of gallium germanosilicates, not even data on a luminescence signature of the crystallization process, except for the infrared~IR! luminescence of Ni ions that depends, however, in turn on the nickel embedding into the nanocrystals.
In the present article, we report the positive results of the implementation of a microfluorescence-based mapping technique for the investigation of nanocrystallization inhomogeneity in the core of glass ceramic optical fibers. We have tested the method on a preliminary prototype of fiber that we obtained by drawing a preform constituted by a core of Ni-doped Li 2 O-Na 2 O-Sb 2 O 3 -Ga 2 O 3 -GeO 2 -SiO 2 glass and a cladding obtained from a silica tube. The innovative glass composition, with SiO 2 partially substituted by GeO 2 Golubev et al., 2010; Sigaev et al., 2012 !, has been designed to lower the melting temperature with respect to Ge-free gallium silicates previously investigated in bulk and indeed achieving a lowering of about 1008C down to 1,4808C. Scanning electron microscopy~SEM! and microfluorescence analysis have been carried out on the fiber after the thermal treatment carried out to activate the growth of Ni-doped gallium oxide nanocrystals. Specific spectral features of luminescence ascribable to coordination defect show differences within the fiber core, suggesting structural inhomogeneity of the material crystallization. To assess the relation between spectral modifications and glass nanostructuring, and to check the possibility of identifying this relation as a basis for monitoring the nanocrystallization, a parallel investigation has been carried out on bulk reference samples, both undoped and with different Ni doping levels, both before and after the same kind of thermal treatment of crystallization. A reliable spectroscopic signature of nanocrystallization of the glass has been found and was used to map the fiber. As a result, specific portions of the fiber, belonging to the first and final part of the drawn preform, have been successfully discriminated as not fully nanocrystallized following the proposed protocol.
MATERIALS AND METHODS

Synthesis and Fiber Fabrication
Glasses with molar composition 7.5Li 2 O-2.5Na 2 O-20Ga 2 O 3 -35GeO 2 -35SiO 2 , with the addition of 0.1 mol% NiO and 0.5 mol% Sb 2 O 3 were obtained by melting process at 1,4808C for 40 min in a Pt crucible, starting from reagent grade Ge, Si, Sb, and Ga oxides, and Li and Na carbonates.
A fiber preform was prepared by the rod-in-tube method. A rod of circular cross section of about 2 mm in diameter and about 80 mm in length, drilled from the initial glass boule, was inserted into a silica tube~Heralux-WG type! with the function of cladding after drawing. The fiber preform was then heated up to about 2,0008C in a carbon furnace and drawn so as to obtain a fiber with a core diameter of about 7 mm~except for the first portion! and an outer diameter near 120 mm. No polymeric coating was applied at the end of the drawing process to simplify the following heat treatment of nanocrystallization. Untreated fiber did not show IR luminescence. To induce the nanocrystallization of the core glass, the resulting fiber was heat treated at 8408C for approximately 1.5 h. This temperature was larger than the crystallization temperature of 6908C suggested by differential scanning calorimetry data.
Bulk glass samples with similar composition, both undoped and Ni doped at different concentration~0.01, 0.05. 0.1, 0.5, 1 mol%!, were produced as reference materials and, for each composition, part of the sample was heat treated and nanocrystallized.
Material Analysis
Sections of the fiber for SEM and energy dispersive spectroscopy~EDS! analysis were cut from different points along the fiber length-from the initial, intermediate, and ending parts of the fiber-and blocked in holes of about 1 mm in diameter in a metal holder in order to polish and cap them with a graphite layer. SEM images were collected using a TESCAN~Brno, Czech Republic! instrument, model VEGA TS Univac 5136XM equipped with a microprobe EDAX Genesis 4000 XMS Imaging 60 SEM~EDAX, Mahwah, NJ, USA!, used to check the presence and distribution of the main expected elements in the fiber core.
The effectiveness of the post-synthesis heat treatment of crystallization was checked on a reference glass by means of transmission electron microscopy~TEM!, using a field emission gun transmission electron microscope FEI Tecnai G2 F20~FEI Company, Hillsboro, OR, USA!, with an accelerating voltage of 200 kV and equipped with an S-Twin lens that gives a point resolution of 0.24 nm. The imaging system is composed of one TV rate 626 Gatan and one slow scan 794 Gatan charge-coupled device~CCD! cameras~Ga-tan, Inc., Pleasanton, CA, USA!. The sample of the heattreated glass was prepared as a finely ground powder and deposited on a gold microscopy grid.
Microfluorescence analysis was performed on the same samples analyzed by SEM and EDS. Microfluorescence signal was excited at 633 nm by means of a He-Ne laser, focusing on a circular spot with a 1 mm diameter through an Olympus~Tokyo, Japan! microscope with an objective with numerical aperture 0.90 and a 100ϫ magnification. Luminescence was collected in backscattering configuration, rejecting a large fraction of the excitation beam by means of a notch filter Kaiser with 15 nm of bandwidth. The luminescence signal was then spatially filtered and spectrally dispersed by means of the confocal optics and the polychromator of a micro-Raman spectrometer Labram Jobin-Yvon, Longjumeau, France! with a final thickness of the focal layer of 2 mm and a spectral resolution of 0.3 nm. The signal was then detected by a silicon CCD detector cooled at 200 K. Maps of fluorescence in the fiber sections were obtained on areas of 30 mm ϫ 30 mm centered in the core with different spatial resolution, the best one consisting in sampling matrices of 100 ϫ 100 spectra at steps of 0.3 mm by means of a xy-motorized microstage. Images of fluorescence intensity were finally constructed using the LabSpec software associating at each sampling step the intensity at specific wavelength values, characteristic of peak values of drawing-induced defects of silica and luminescent defects of crystallized and noncrystallized core material. The same instrument, equipped with the 488 nm line Ar ϩ laser that does not excite NBO luminescence, was used to investigate the occurrence of nonbridging oxygen sites through the detection of the Si-O Raman stretching modes at about 1,000 cm
Ϫ1
. Optical absorption measurements of Ni 2ϩ spectra were carried out by means of a Cary50 Variañ Palo Alto, CA, USA! double beam spectrophotometer in the range of 300-1,100 nm with a spectral resolution of about 1 nm. Electron paramagnetic resonance~EPR! experiments were also conducted, using a spectrometer in X band 9.4 GHz! at 200 K, 18 mW of microwave power, and a modulated field ranging from 0.03 to 0.4 mT. EPR spectra, after careful subtraction of the background signal from the microwave cavity and sample holder, were normalized with regard to the sample mass.
RESULTS AND DISCUSSION
Bulk Reference Glasses and Glass Ceramics
The implementation of microfluorescence imaging to nanocrystallization monitoring of alkali-gallium germanosilicate fibers has required the identification of spectroscopic signatures of the crystallization. For this reason, we have initially carried out a spectroscopic investigation on a reference set of the starting bulk material employed for the fabrication of the fiber core, looking at the effects induced by the same type of treatments utilized for functionalizing the fiber. Figure 1 reports some representative luminescence spectra collected in the red spectral region in samples with different Ni concentration by exciting at 633 nm. The comparison between Figures 1a and 1b shows clear reliable differences between as-quenched and heat-treated samples consisting of a treatment-induced blue shift of the peak wavelength from about 780 nm to 750-760 nm!. These differences are ascribable to additional spectral contributions in the shortwavelength region related to the formation of nanocrystals as demonstrated by parallel photoluminescence and TEM analyses on heat-treated reference samples with just the composition used to draw the fiber. We indeed observe the systematic occurrence of nanoparticles~Fig. 2! accompanied by fluorescence changes as reported in Figure 1 . The results of TEM analysis show clear evidence of nanometersized segregation, with mean nanoparticle size and size distribution of 6.1 6 1.8 nm. X-ray diffraction data~not shown! show crystalline features belonging to gallium oxide in a phase consistent with both g-Ga 2 O 3 and the spinel-like LiGa 5 O 8 phase deriving from partial Ga substitution by Li in the same structure. Detailed consideration of relative peak intensities suggests the occurrence of both phases or some intermediate composition. The mean nanocrystal size is in agreement with a previous estimation from X-ray diffraction measurements~Golubev et al., 2010!.
Looking at the luminescence features that discriminate as-quenched from crystallized reference samples, it is worth noting that Ni-doped and -undoped samples show ana- , 1996; Neuville et al., 2006 !, whose increase was in turn observed to directly affect the red luminescence intensity. Spectral differences, however, are observed from glass to glass, depending on the matrix composition. In pure silica, NBO sites are decoupled enough from the network to give rise to characteristic molecularlike spectral signatures both in the energy region of electronic transitions~with a relatively narrow band at 650 nm, with quasi-resonant excitation and zero-phonon line at low temperature! and in the phonon spectrum~Si-O stretching mode at about 980 cm
Ϫ1
, only a few cm Ϫ1 wide!~Skuja, 1994!. In complex oxides, where NBOs often contribute to accomplish the full coordination of modifier ions when these require overcoordination with respect to glass network formers~for example, in yttrium-and aluminumcontaining and/or rare-earth doped silicates!, a wide number of NBO variants may occur, differing for the extent of interactions with the surrounding NBOs and for the coordination degree of the bounded cation~Lemercier et al., 1996; Neuville et al., 2006 !. This situation, confirmed by Raman spectra~where NBO stretching modes usually form a broad band at around 1,000 cm Ϫ1 !, results in a relevant broadening of NBO luminescence, up to more than 100 nm, and in a shift of the peak energy~Dragic et al., 2008!. Specifically, in the case of germanosilicates, the band shifts toward lower energy at increasing Ge content, i.e., at wavelengths longer than 700 nm. Other defects, however, might contribute in the specific case of germanosilicates because Ge sites can promote the formation of electron trapped states with approximately the same optical response of NBOs~Dianov et al., 1997!. Spectra in Figure 1 are consistent with the features of optically active NBO photoluminescence. Indeed, the composition of the investigated germanosilicates likely comprises a not negligible amount of NBO owing to the simultaneous presence of network former and network modifier ions, as well as Ga sites overcoordinated with respect to silicon and germanium~Murthy & Emery, 1967; Sakka, 1998!. This is confirmed by Raman spectra~Fig. 3!, which evidence characteristic spectral contributions in the region of the NBO stretching modes at around 1,000 cm Ϫ1 . After thermal treatment, no relevant change is observed at around 1,000 cm Ϫ1 , except for a weak additional contribution just above 600 cm Ϫ1 consistent with the Raman features expected from a small amount of nanosized g-Ga 2 O 3 phase~Hou et al., 2007!, indicating that the total NBO concentration is nearly constant. This result suggests that band shape and intensity modifications of NBO luminescence are mainly caused by changes of radiative decay yield within the variety of NBO sites. Confirmation of this fact comes from the observation of treatment-induced intensity changes in the EPR signal of EPR-active NBOs~inset in Fig. 3 !. In fact, this subset of NBO sites is almost complementary to the subset of optically active NBOs~Skuja, 1994!, the former being characterized by a relevant distortion-induced removal of p lone pair orbital degeneracy~because efficient spin-lattice relaxation processes would otherwise make the signal undetectable!, whereas optically active NBOs turn out to have not too distorted configurations~because distortions would activate nonradiative decay paths! and nearly degenerate p-orbitals~Skuja, 1994!. The EPR signals in the inset of Figure 3 are not much above the detection limit but show just the spectral features of NBOs resonances between g ϭ 2.021 and g ϭ 2.004!. The quite weak signal proves that the concentration of EPR-active NBOs is low in both samples, and NBO content is further reduced by the thermal treatment. As a consequence, since Raman spectra show no significant change of the total amount of NBOs, the number of EPR-silent luminescent NBO sites is expected to increase as a result of the thermal treatment. The distribution of spectral energy is modified as well, owing to contributions from NBO variants related to the change of glass composition and the formation of an interface between glass and nanoparticles. In fact, we observe shape and intensity modifications of the red luminescence in treated samples compared to untreated ones~Figs. 1b and 1a, respectively!.
It is worth noting that, despite no relevant contribution to the red luminescence being ascribed to Ni 2ϩ ions~be-cause the band is detected in undoped material as well!, a strong effect of Ni-doping is observed in the red luminescence intensity. In fact, both in nontreated and in heattreated samples, very low concentrations of Ni appear to slightly increase the intensity, whereas a drastic intensity lowering is observed in 0.5 and 1 mol% Ni-doped samples. On the one hand, concerning the effect on the glass network, Ni ions are expected to act as network modifiers, and each Ni ion may singularly contribute to increase the concentration of NBOs. On the other hand, Ni ions also play a competitive role in the red luminescence, mainly at high Ni concentration because incident photons at 633 nm can be absorbed by Ni 2ϩ ions~see absorption spectra of 0.5 mol% Ni-doped materials before and after heat treatment in the inset of 
Analysis of Fiber Samples
The luminescence signal of the fiber in the visible spectral region under exposure to the focused beam from a 633 nm He-Ne laser, even though negligible compared with the infrared luminescence of Ni ions and indeed undetectable to the naked eye, gives a sensible tool for monitoring structural and defective inhomogeneities in the fiber material through the detection of the nanocrystallization-induced spectral modifications, as observed in the reference set of materials. In fact, as summarized in Figure 4 showing representative spectra observed in different points of the fiber, the spectral shape of the luminescence band is different from point to point, showing a distribution of structural modifications inside the fiber, ranging between the limiting situations observed in as-quenched glass and in heat-treated homogeneous nanostructured glass ceramics~Fig. 1!. Specifically, we have found two types of contributions, peaking at 800 nm and at shorter wavelength from 760 to 780 nm, similar to what we observed in reference glass and nanostructured glass ceramic samples, respectively, but coexisting in the investigated fiber section. In addition, all of the investigated points show a relatively narrow contribution that peaked at higher energy at about 650 nm, caused by NBO luminescence of @[Si-O•# 0 sites of pure silica~Skuja, 1994!. This spurious contribution, which is absent in the reference set of materials, arises from scattering of the strong luminescence of the fiber cladding, not fully rejected by the confocal optics of the detection system. The responsible emitting NBO sites are generated in the cladding by the fiber drawing process. As a matter of fact, this luminescence is indeed the only component we observe in the silica cladding of the fiber, with a much higher intensity than the luminescence observed in the core~Fig. 4!.
An inspection of Figure 4 shows the possibility of defining a figure of merit of how much a detected spectrum is close to that observed in as-quenched glass or to the spectrum in glass ceramics. More specifically, after subtraction of the 650 nm luminescence of silica NBO~whose peak wavelength and bandwidth are well known and may be calibrated as well through a measurement in the fiber cladding!, the ratio of the intensity at two different wavelengthscorresponding to the peak positions of luminescence in the two limiting situations of glass and glass ceramics~at 790 and 760 nm approximately!-turns out to span value ranges below or above unity strictly depending on which of the two kinds of spectra gives the more intense contribution. So, despite both glass and glass ceramics showing similar luminescence bands in the red spectral region, from NBO excitation, the changes of mean NBO features caused by nanocrystallization effects~related to the formation of an interface between nanophase and glass and to glass compositional variations! give a tool for mapping the effects of the process.
The proposed analysis has been checked on three different sections of the fibers, representative of the initial, inter- mediate, and ending parts of the drawn fiber. In the top panel of Figure 5 , SEM images of the investigated fiber sections are reported. The section from the initial part was chosen from a portion of the fiber with a different size reduction factor with respect to the preform, so the diameter is quite larger than in the other sampled sections. The size of the core changes from about 10 to 7 mm. No evident morphologic defects are observed in SEM images. EDS analysis of the same sections~see spectrum in Fig. 6 ! shows the presence of the expected elements, without detectable evidence of inhomogeneity or elements lacking, as registered by the intensity maps in Figure 6 regarding Si, Ge, Ga, and Na. Maps of Ni and Sb are indistinguishable from the noise because their spectral signatures are not easy to discriminate from overlapping signals and the background, as is evident from the spectrum.
From photoluminescence spectra collected in matrices of 100 ϫ 100 points on each fiber section, it is possible to construct microfluorescence intensity maps at a selected wavelength of the luminescence spectrum. In the bottom panel of Figure 5 , we report the maps of the three different fiber sections analyzed in SEM images. The maps are gener- ated by plotting the figure of merit discussed above, that is, the ratio between the intensity at 760 and 800 nm after subtraction of the contribution due to the tail of the 650 nm fluorescence. To reduce the effect of the noise, the collected intensity was averaged over 5 nm around the chosen wavelength. Subtraction of the contribution from the 650 nm luminescence was performed at each sampled point by subtracting the 650 nm intensity collected at that point reduced by a factor corresponding to the ratio between the intensity at the different wavelengths as calculated from a reference spectrum of the 650 luminescence band collected in the fiber cladding. The maps in Figure 5 indeed enable a detailed identification of inhomogeneity in the fiber core, showing a larger degree of crystallization near the interface with the silica cladding, more extended in the section taken from the intermediate part of the fiber length. As a matter of fact, broad IR luminescence from Ni 2ϩ ions in crystalline environment, centered at about 1,300 nm, was obtained only in the intermediate part of the fiber.
CONCLUSIONS
The present study proposes a microfluorescence approach for the investigation of nanostructuring in optical lightemitting materials, with particular relevance in materials with transition metal ions embedded in nanostructured glass ceramics with a germanosilicate glass host. Specifically, the study identifies as a sensitive indicator of the occurrence of nanocrystallization the modification of the glass matrix luminescence, ascribable to coordination defects and nonbridging oxygen. As a matter of fact, the analysis of bulk standard samples before and after heat treatment of nanostructuring shows clear-cut differences that may be taken as a reference for a microfluorescence mapping procedure, successfully tested on a 7-10 mm wide fiber core.
